Abstract: Global electricity consumption rose exponentially over the last decades powered by fossil fueled thermal power plants. In comparison, Brazil relies on large hydroelectric plants to generate most of its electricity. Nevertheless, the share of thermal electricity generation in Brazil has increased because thermal power can balance the seasonality of the hydroelectric based system and is cost competitive. Regardless its great wind potential, the use of this technology in Brazil is still timid. The country had only 835 MW of installed windpower capacity until November 2010, or 0.75% of its total. An aggressive wind power deployment has been constrained by its cost until recently. However, windpower has potential to act as a complementary energy source to hydropower during dry seasons, and its development could displace thermal power plants. This paper aims to quantify potential greenhouse gas (GHG) emission reductions and jobs creation in three different scenarios of wind energy development up to 2019. In the baseline scenario, windpower will create over 93,000 jobs and reduce up to 96 million tones of CO 2 by 2019. In comparison, a massive windpower deployment scenario, , foresees the reduction of up to 176 million tones of CO2 and the generation of more than 225,000 jobs, most of them in the manufacturing sector. Therefore, wind power is an important alternative for promoting sustainable development in Brazil because it reduces GHG emissions and creates green jobs.
Introduction
Over the past years concerns on climate change left the scientific and environmental spheres and got strong social and political engagement. The establishment of carbon markets, coupled with international oil price volatility, stimulated a rapid development of renewable energy (RE) generation technologies [1] . RE generation systems are free of harmful emissions and their energy sources are ubiquitous. In comparison to other RE windpower stands out because despite its small share in the global electricity market, it was subject to a rapid growth in recent years [2] .
A turning point for windpower development in Brazil was the renewable energy incentive program (Proinfa) of the Ministry of Mines and Energy, established in 2002. However, the high energy costs for wind projects compared to traditional and other renewable energy sources precluded a massive deployment of this energy technology. The realization of dedicated windpower auctions in 2009 and 2010 attracted more projects, making windpower more competitive with traditional fossil fueled power plants.
The Brazilian electricity mix encloses a significant share of hydropower. In 2009, this energy source was responsible for 85% of the total domestic electricity supply [3] . Windpower development in Brazil is unique because in the Northeast region, which contains approximately 50% of the Brazilian wind resource, besides high average wind speeds, its availability complements the hydrologic cycle [4] . Therefore, windpower can be used to match the power loss during the hydropower offseason displacing thermal power plants that are currently balancing the electricity supply [5] .
Windpower could contribute in various ways for sustainable development (SD). Developing a clean RE source helps maintaining the low greenhouse gas (GHG) emission factor of the Brazilian grid. Moreover, the establishment of a domestic industry brings in innovation and the development of new indigenous technologies, in addition to new job positions [6] , which become relevant as a response to economic crisis and sensible investments in RE must be evaluated according to this yardstick [7] .
Nevertheless, the exploitation of the windpower potential depends on long term policies that facilitate the deployment of this RE source. Despite the recent success, the existing medium and long term official energy supply scenarios do not foresee a significant increase in the share of this energy source [8] .
The current work aims to evaluate potential benefits and quantify the avoided emissions and the employment generation potential of windpower development in Brazil. Initially we carry on a brief review of the present state-of-the-art of windpower in Latin America (LA) and Brazil. Next, we assess the potential of this RE source in Brazil and we evaluate its contribution to SD and energy security in the country. Finally we compare different scenarios, which are based on official data and a massive windpower development vision.
Windpower in Brazil
Forecasts prepared by the Global Wind Energy Council (GWEC) consider LA as a promising windpower market due to its sizeable wind potential and increasing energy needs in the region [2] . In fact, since the beginning of the century, various countries in the region have implemented policies to support the development of RE, including windpower [9] . Over the last years, a timid growth was observed in the share of windpower in LA in comparison to Europe, North America, and Asia. In 2009, the installed capacity in LA doubled from 653 MW to 1,274 MW. However, until August 2010, only two countries were responsible for a significant share of windpower in LA. Brazil and Mexico were responsible for 44% and 29% of the total installed power in the region, respectively [10] .
According to a recent GWEC assessment, Brazil has the largest windpower market potential in LA due to its large remaining wind resources, the ability to complement hydropower generation, and the possibility of hosting wind equipment manufacturing plants. Moreover, the country is considered as a future equipment supplier to the region [2] .
Although the first wind turbine was installed in Brazil in 1992, in Fernando de Noronha Island [11] the share of windpower in the Brazilian matrix became noticeable only after 2006 with the first Proinfa results. A total of 54 wind projects totaling 1.4 GW of installed capacity were supported by the Program [12] , which was instrumental to the expansion of windpower in Brazil. Presently, Proinfa supported facilities are responsible for 95% of the installed windpower capacity in Brazil, or 835 MW up to December 2010 and yet, its contribution corresponds to less than 1% of the total power capacity of the country.
Other milestone that has contributed to the installation of the wind manufacturing industry in the country was the 60% minimum requirement share of domestic equipments in wind projects [13] .
Until 2009, the cost of the windpower based electricity was still a barrier to its expansion. The average electricity price of Proinfa projects in 2007 was in the range of $119 to $135 per MWh, depending on the individual capacity factor of each one [14] . Up to this point, windpower was considered unfeasible and not competitive despite the considerable potential that was revealed in the first national assessment at 143 GW [15] .
The turning point was due to a conjunction of good policies and global market conditions. In 2009, the first auction fully dedicated to windpower was commissioned. Possibly due to great availability of wind resources in areas with low population density, the variation of the exchange rate, and the economic crisis in 2008-2009, a significant supply of equipment was available and both domestic and international companies were led to invest in the Brazilian market. In August 2010, a second windpower auction took place, along with other RE sources in which, wind energy competed with small hydroelectric plants (SHP) and biomass cogeneration projects. For the first time wind energy prices ($73/MWh) were below other RE prices [16] . Additional 6 GW of windpower projects were enabled to participate in the auction [17] , and certainly most of these will be hired in future.
Considering the projects assisted by Proinfa and by the latest auctions, more than 5 GW of windpower will be added to the Brazilian grid by the end of 2013. It is more than the current 0.8 GW but still far away from the total indigenous potential. Currently the country uses around 0.5% of its potential. If windpower electricity trade in dedicated auctions persists, the expansion trend continues and costs decrease over time. In the future windpower could occupy a significant share of electricity generation and complement the current hydro-thermal system.
In comparison to major future hydroelectric projects in the Brazilian Amazon, windpower resources are closer to energy load areas along the coast line (figure 1), and major transmission lines of the national grid [18] . Therefore, transmission costs and losses associated with windpower are smaller than the ones associated with large expected hydroelectric projects. Fig. 1 . Wind resources at a 50m height in Brazil [19] and its correlation to urban areas [20] In summary, windpower that was considered unfeasible just one year ago is nowadays, not only competitive with other alternative energy sources, but also with traditional fossil fueled based electricity generation technologies. The turning point in Brazil was due to a conjunction of good policies and global market conditions. As a result, low impact windpower projects are a real supply option to meet power needs.
Complementarity between wind energy and hydroelectricity
RE face various difficulties such as high cost and resource intermittency. To increase the performance of RE, diversified complementary sources should be spatially and seasonally combined. Traditionally, thermal generation plants are used to support systems based on renewable sources. In recent years, alternative energy sources have been contemplated for this role [21] . This phenomenon can be observed in Brazil.
The share of renewable sources in the Brazilian energy matrix corresponded to 47% in 2009, well above the world average. Moreover, hydropower comprises 85% of all electricity supply in the country, and additional 5% comes from other RE sources [3] . The hydroelectric system encloses several large reservoirs, capable of multi-year regulation.
Nevertheless, due to environmental concerns, most of the future dams in Amazonia will be run-of-river hydroelectric plants, with lower dams [8], leading to further reliance on climatic conditions. Thus, because wind resource availability in the Northeast of Brazil complements hydrologic regimes, it could lead to optimal use of reservoirs [4] . Indeed, windpower might displace part of the fossil fuel based electricity generation, reducing pollution and maintaining the high share of RE in the Brazilian matrix.
Economic benefits of windpower deployment
Both climate and RE policies will change the way economies are currently structured. Climate change consequences may negatively affect the economy in most countries, especially the ones in which the contribution of vulnerable sectors, such as agriculture, plays an important role [22] .
Investing in a low-carbon economy creates risks and opportunities. On the one hand, a few studies show that in the long run subsides in RE in Germany have led to high costs with few or no benefits to the economy [23, 24, 25] ; on the other hand, most economy-wide studies show positive economic outcomes from investing in low-carbon technologies [7, 26, 27] .
According to Fankhauser et al (2008) [28] , the most important benefit from climate and RE policies is innovation, which demands technical change adapted to a new market structure. The quest for new technologies and processes increases the demand for skilled labor, and countries that position themselves as leaders in low-carbon technologies might become key exporters. Over the past few years, Brazil has attracted various wind turbine manufacturers (e.g. Enercon, Impsa, GE), and due to the fast growing market, might become an exporter to other LA countries.
In periods of low economic growth, as the one seen in the financial crisis in 2008-2009, unemployment rates tend to grow, and so does the concern about job loss related to large amount of subsides invested in RE [7] . In fact, employment generation driven by RE promotion has been disputed, especially in the United States [28] .
Green Jobs
According to the United Nations Environmental Programme (UNEP), green jobs are work in various activities that contribute to preserving or restoring environmental quality. Most studies reveal that RE is more labor-intensive than fossil fuel-based power generation [27, 29, 30] . Hence, the substitution of RE for fossil fuels leads to a positive net effect on employment. In Brazil, the creation of new jobs, due to windpower development, should be compared with the creation of jobs due to the development of concurrent alternatives such as hydro.
Nevertheless, based on the available information about green jobs generation, global employment in the RE sector was above 2.3 million in 2006. Brazil is one of the most significant RE employer, with 500,000 jobs on the biomass sector. In contrast, globally, wind energy generated 300,000 jobs up to 2006, and it is expected that employment in this sector will reach 2.1 million in 2030 [22] . Most of these jobs are located in manufacturing, according to the level of domestic production of equipments [30] .
Methodology
To quantify GHG emissions reductions and job generation in the wind sector, we used a baseline scenario up to 2019, developed by the Ministry of Mines and Energy. Based on that scenario, and the recent growth of the wind energy market in Brazil, we developed two alternative scenarios, one moderate and one optimistic. The scenarios have the following characteristics ( Figure 2 For estimating job creation, a multiplier provided by the Economical and Social Development Bank (BNDES) which estimates in 15 jobs/MW in manufacturing and construction and 0.4 jobs/MW in operation and maintenance of wind turbines [32] . These figures refer to total jobs, accounting direct and indirect employment over the supply chain.
For estimating potential GHG emission reduction, we considered that windpower displaces fossil fired power plants using natural gas and coal, the main thermal sources foreseen in the long-term national energy plan. Emission factors were taken from the International Energy Agency report, published in 2009 [33] . Emission reductions were estimated over the period between 2011 and 2020.
Results
Scenario A results in up to 96 million tons of CO 2 reductions between 2011 and 2020 and yields 93,850 jobs, out of which, 83% are in the manufacturing and installation of wind farms.
Scenario B emission reductions are 34% greater than scenario A, which mitigates up to 129 million tons of CO 2 and generates over 143,000 jobs, 85% in manufacturing and installation.
The most optimistic scenario foresees a reduction up to 176 million tons of CO 2 -83% higher than in scenario A -and the employment of more than 225,000 people, 87% of them in manufacturing and installation.
According to the Brazilian Inventory of Anthropogenic Emissions and Removals of Greenhouse Gases, published in 2010 by the Ministry of Science and Technology, in 2005 the electricity generation, transmission and distribution emitted about 52 million tons of CO 2 [34] . Scenario A suppressed 28% of the baseline emissions, while the scenario C reduces annual emissions by 65% in 2020.
Conclusions
Wind energy is a source experiencing rapid growth worldwide. Following the trend, although timid, windpower market has rapidly developed in Brazil after Proinfa and mainly after the wind dedicated auctions of 2009 and 2010. Further expansion of the industry depends on continued support for RE in the country e.g. frequently auctions plus the inclusion of RE in medium and long term energy expansion plans.
This study shows the potential contributions that a significant expansion of wind capacity during this decade could bring to the country's sustainable development. The use of wind energy as a substitute for fossil-fuel power plants reduces up to 28% GHG annual emissions in the electricity sector in the year 2020, based on the year 2005, in the scenario proposed by the government, while a scenario of intense deployment displaces up to 65% of these emissions.
The development of the wind industry brings several benefits such as innovation and technology transfer, and possibly the emergence of Brazil as a production center for wind equipment in Latin America. Nevertheless the more significant effect is the creation of 93,000 to 226,000 green jobs by 2019.
